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Abstract 
Exergy and exergy cost analyses are proposed as complementary methods for the 
assessment and better understanding of the efficiency of a hybrid trigeneration 
system based on renewable energy sources. The system combines 
photovoltaic/thermal collectors, an evacuated tube collector and a wind turbine and 
produces electricity, sanitary hot water and desalted fresh water for a single family 
house. The system includes two desalination technologies (reverse osmosis and 
membrane distillation) that consume power and heat respectively, and two kinds of 
energy storage devices (a hot water tank and two lead-acid batteries).  
The assessment is based on simulations developed by using TRNSYS software. As 
a first level of detail, exergy analysis is applied in ten-minute basis to selected plant 
components. As a second level of detail, it is proposed to apply exergy-based 
indicators that summarize the system behavior during a longer period of time 
(monthly basis). By using aggregated values, exergy accumulation terms become 
negligible, what allows applying symbolic thermoeconomics to calculate exergy cost 
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and to analyze in depth the process of cost formation. The system has an exergy 
efficiency of 7.76% (6.68 due to electricity, 0.33 due to fresh water and 0.75 due to 
sanitary hot water). 
Keywords: Renewable energy, hybrid systems, polygeneration, desalination, 
photovoltaic-thermal collector.  
 
1. Introduction 
The use of solar energy can constitute a sustainable option for providing electricity, 
thermal and cooling energy or even fresh water (FW) [1]. In particular, photovoltaic-
thermal (PVT) collectors integrate the production of both electricity and hot water, 
improving the overall efficiency and reducing the required roof surface [2-4]. Since 
not always it is possible to have abundant wind or solar irradiance, wind-solar hybrid 
systems are usually proposed for isolated systems [5-6]. Regarding water production, 
membrane distillation (MD) operates at temperatures about 70-90 ºC [7], so that it is 
suitable for being integrated with different kinds of solar thermal collectors like the 
evacuated tube (ETC) that can also activate an absorption chiller [8]. At a wider 
scale, concentrated solar power (CSP) technologies could be linked to large-scale 
desalination units to provide affordable costs for fresh water [9]. Alternatively, solar 
photovoltaics (PV) can supply some power to feed a Reverse Osmosis unit (RO) [10] 
or integrated in a solar still to produce some amount of distillate [11]. 
The term polygeneration is commonly understood as the combined generation of 
several products provided by the supply of one or several fuels, which can be 
renewable sources. The use of fossil fuels is usually linked to huge installations [12] 
and several integrations have been studied in depth [13], or the same technology has 
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been tested in different arrangements [14-15]. The use of Renewable Energy 
Sources (RES) and in particular solar energy has been also extensively analyzed. 
PVT have been linked to power, heating and cooling [16] and sometimes fresh water 
provided by desalination is one of the products in those RES-based integrated 
schemes, especially in dry and isolated areas. PVT can be linked to absorption 
chillers and multi-effect distillation (MED) [17], but this combined production can be 
also obtained by biomass feeding an Organic Rankine Cycle (ORC) [18]. Sometimes 
PVT is substituted by hybrid RES like solar and biomass [19] or some fraction of 
fossil fuels and RES [20]. Unfortunately, all those references were restricted to 
numerical analyses and were not validated with experimental tests. Thus, very few 
examples can be found in the validation of integrated PVT schemes and without 
desalination [21], being solar thermal one validated integration with MD distillate and 
chilled water [22-23]. 
Besides, exergy analysis [24] is able to detect and quantify in detail where and when 
irreversibility occurs and, thus, it is useful in the search for new improvements of 
energy intensive systems. Furthermore, it quantifies in the same units streams of 
different nature, what makes it very convenient for the assessment of polygeneration 
systems. From independent to integrated systems, exergy analysis of PV and then 
PVT has been developed by Saloux et al. [25]. Hybrid desalination (MED+RO) has 
also been analyzed from the point of view of irreversibility minimization [26]. Very low 
exergy efficiency of a MD supplied by a solar thermal collector was yet observed [27]. 
Thermodynamic efficiency of the combined production of desalted water and power 
has been also analyzed in depth. If solar energy combines power generation, 
exergoeconomic analysis can provide costs for water and power by using CSP+MED 
[28] or two solar schemes (one helped by an ORC) + MED [29]. The same can be 
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found in case of using fossil fuels even by desalting by hybrid techniques [12,30]. In 
polygeneration schemes, exergy analysis provides useful information about the 
rational path in the efficiency of conversion processes involved. Several examples 
can be found in literature, from a typical scheme based on an internal combustion 
engine (ICE), absorption chiller (LiBr-H2O) and heat exchanger (HX) in order to find 
out the best operation strategy [31], up to a more complex scheme based on a solid 
oxide fuel cell (SOFC), GAX cooling cycle and HX [32], or that one using refuse 
derived fuel (RDF) to produce additional syngas and H2 apart from power, heat and 
cold to a District Heating and Cooling (DHC) network [33]. If exergy analysis is 
extended to the use of RES in integrated polygeneration schemes, usually hybrid 
sources are taken, being solar-geothermal one option to provide power, heating and 
SHW [34] or cooling and industrial heating [35], or the binomial solar-biomass for the 
same trigeneration purposes with heat used for heating [36] or heated air [37]. Few 
examples of full integration of RES based polygeneration systems including 
desalination can be found in the literature. In [38], Calise and coworkers developed 
an exergy and exergoeconomic analysis of a polygeneration system based on 
parabolic collectors, biomass boiler, absorption chiller and MED; in [39], geothermal 
energy and an ORC complemented the solar field to improve the overall efficiency of 
the already proposed polygeneration system. Low temperature geothermal sources 
have been also studied to produce fresh water (FW), hot water and electricity by 
means of a heat transformer (HT), an ORC and a single-stage evaporation 
desalination process [40]. Nevertheless, hybrid desalination has not been considered 
yet in those multipurpose analyses. 
Thermoeconomic analysis [41,42] goes a step further of exergy analysis by 
introducing the concept of exergy cost, which is the amount of exergy resources 
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consumed by a given system for producing an exergy stream within that system. Unit 
exergy cost is calculated by dividing exergy cost into the exergy of the stream 
considered. Symbolic thermoeconomic provides a matrix-based methodology for 
exergy cost calculation that is able to analyze the process of cost formation, as a 
result of the effects of irreversibility taking place in the different components of the 
system [43-44]. Finally, in [45] a methodology for cost decomposition according to 
resources consumed by the system is proposed, which is useful when a multi-
resource facility is analyzed.  In this sense, cost allocation is a recurrent issue in 
multipurpose schemes [46] including the hybrid supply [47]. For the case of 
desalination, energy cost allocation of water [48] and the use of exergy costing has 
been even applied [49], sometimes diagnosis of inefficiencies was also assessed 
[50]. Again, the exergy cost analysis for a multipurpose scheme based on RES that 
includes desalination is rather difficult to find, one example could be the work of Leiva 
et al. [51] but oriented to huge desalination facilities (MED) based on CSP 
technologies, or the abovementioned studies [38-40]. Besides, the cost calculation 
was based on exergy cost balances and results were given in economic terms, but a 
detailed cost formation analysis were not included and steady state models were 
applied. 
In this paper, the exergy and exergy cost analyses of the transient operation of a 
domestic, hybrid and renewable energy-based polygeneration system that includes 
PVT, evacuated tubes collector (ETC), a wind turbine and two water production 
technologies (reverse osmosis, RO and membrane distillation, MD) is developed. 
This integrated scheme is the result of an in-depth design analysis of available 
commercial domestic RES-based technologies that can cover the demands of power, 
SHW and FW for a typical dwelling isolated from the grids [52]. Hybrid RES provide 
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power and heat that can flexibly dedicated to cover power demands or feed the RO 
unit, and heat that can be consumed in providing SHW or producing distillate fresh 
water in the MD. Furthermore, RES variability is smoothed by the energy storage in 
batteries and hot water tank. Data for exergy calculations have been obtained from 
TRNSYS simulations along a complete year; although an experimental facility has 
been built based on the design presented in the paper, data from this pilot plant has 
been obtained only for selected days and not covering the whole year, which is 
required for the analysis. Besides detailed analysis (ten-minute basis), aggregated 
exergy-related parameters are calculated (monthly basis and yearly basis). This 
allows to calculate unit exergy costs and to analyze the formation process of these 
costs, with the final aim of knowing the overall thermodynamic performance of the 
installation in its life cycle. With this information, guidelines for the best operation of 
those integrated schemes, or the priority in the use of available resources to cover a 
specific demand of the dwelling (power, SHW or FW), could be afforded from the 
point of view of the thermodynamic efficiency. As far as the authors’ knowledge, this 
is the first analysis combining exergy, exergy cost, and exergy cost formation for an 
integrated scheme producing heat and power by two RES, which can be consumed 
by different devices including two different desalination technologies. 
2. Methodology 
The aim of this section is to present the framework needed for obtaining the exergy-
related parameters which constitute the results of the paper. First, the polygeneration 
system is presented. Then, a brief outline of the TRNSYS model is made. Afterwards, 
equations applied for exergy calculations are presented. Finally, the methodology for 
exergy cost analysis is summarized.   
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2.1 System description 
The system analyzed is depicted in Figure 1, and consists of five subsystems: solar 
loop, sanitary hot water (SHW) loop, membrane distillation (MD) module, reverse 
osmosis (RO) module and power loop. The solar loop includes four PVT collectors 
(1.63 m2 each) divided in two sets (PVT 1-2 and PVT 3-4), as well as an evacuated 
tubes collector (ETC, of 3 m2) and the pump needed for water-glycol circulation. 
SHW loop comprises a 325 L hot water tank (HWT) and the required pumps and 
valves to divert or mix the SHW according to scheduled temperatures. The 
membrane distillation is driven by hot water from the HWT trough a heat exchanger 
(HX-Tank MD in Figure 1). It is permeate gap module type (PGMD) and can produce 
up to 20 L/h at good irradiation conditions. The RO module produces 30 L/h and 
consumes 110 W in its constant operation. Finally, the power loop collects the power 
generated by the PVT collectors (4 x 240 W) and the micro wind turbine (WT, 400 
W), which is stored in a two lead-acid batteries set (250 Ah and 12 V in serial), and 
consumed in pumps, RO and the domestic power demand. The system model was 
developed for the design of an experimental facility erected at the University of 
Zaragoza; for this reason, data of components corresponds to commercially available 
devices  
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Figure 1: General structure of the trigeneration scheme.  
 
2.2 System modeling 
Hybrid trigeneration system has been modeled by TRNSYS. A detailed description of 
the model that led to the plant definite design can be found in a previous paper [52] 
that included an ad-hoc model of MD unit. Weather conditions of plant location 
(Zaragoza, Spain) have been obtained from Meteonorm database [53]. Demands of 
FW and SHW have been estimated as recommended in [54] and domestic power 
demand has been calculated according to Spanish patterns [55,56]. In order to 
simulate as much as possible the pilot unit operation, the plant control system was 
also implemented in TRNSYS: 
• a hysteresis loop (7-2 ºC) to adequately supply thermal energy from the solar 
loop to the HWT, 
• set point temperature to activate the MD (63 ºC), 
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• SHW is fixed at 60 ºC, and it is mixed with tap water depending on the HWT 
temperature, 
• aerotherm (not included in Figure 1) is activated when the ETC or PVT outlet 
temperatures reached to 85 ºC and 80 ºC respectively to cool the solar loop. 
• similar flow rates were included in the circulating pumps (400 L/h).  
Besides, a 1000 L fresh water tank has been introduced to model FW demand 
consumption. So, RO plant is activated when water content falls below 500 L and is 
stopped when the amount of water reaches 1000 L.  
Results of the simulation include the ten-minute evolution of matter and energy flows 
within the system during a year. This time step has been selected because it is the 
maximum time step in TRNSYS that validates the typical on-off operation of the solar 
pump when the sun is raising and setting every day. 
2.3 Exergy analysis 
Once flow rates, temperatures, power flows and other parameters have been 
obtained by TRNSYS, exergy flows were calculated by using a separated Excel 
spreadsheet. This software has been used because it allows one to implement easily 
formulae used for exergy cost calculation. Exergy of sun radiation is obtained by 
applying the well-known approach proposed by Petela [57]: 
 =  	1 +  
 −          (1) 
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Where I is the solar intensity, Aa is the surface area, T0 is the reference temperature 
and Ts is the temperature of surface emitting radiation (in K). It should be noted that 
the reference temperature for exergy calculations has been made equal to ambient 
temperature and, thus, varies along the year. In the case of wind, exergy is equal to 
kinetic energy multiplied times a factor related to Betz limit [58]: 
 = 0.597 ·   ! = 0.597 · "!        (2) 
Where m  is mass flow rate (of air, in this case), v is its velocity, A is its impingement 
area and ρ is the density. Physical exergy of water and water-glycol streams is 
calculated taking into account that TRNSYS does not consider explicitly pressure 
drops and assuming incompressible flow with constant specific heat:  
$% =   	' ( − () − ()*+ 	        (3) 
c is the specific heat, T is the flow temperature, and T0 is the reference temperature, 
both in K. Finally, specific chemical exergy of salt-water mixtures, is calculated by the 
following formula [59]:  
,-% = ./0()*+ 112∑4 567689:6;         (4) 
./ = )))<∑
768 
=>           (5) 
Where Ci is the weight concentration of the ith component per liter of solution (g/L), 
MWs and MWi are the molecular weights of the solvent and ith component, 
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respectively, and βi is the number of particles generated by the dissociation of the ith 
component in the solution. Fresh water produced by reverse osmosis has a salt 
averaged concentration of 300 mg/L; accordingly, its chemical exergy is equal to 
2.563 kJ/kg. Fresh water from membrane distillation has a salt concentration of only 
20 m/L, what yields a chemical exergy value of 2.685 kJ/kg. For exergy of water 
mixed from the two sources, an average exergy value of 2.587 kJ/kg is used. In order 
to put in context the previous figures, the maximum salt concentration for drinking 
water is around 1000 mg/L, with corresponds to an exergy value of 2.450 kJ/kg. 
Algthough physical exergy is considered in the analysis, freshwater produced is quite 
close to ambient temperature. Accordingly, including physical exergy does not affect 
calculated exergy efficiency of both RO and MD. Anyway, low exergy efficiencies will 
be expected due to the low recovery ratio (RC) of both modules (10% and 2% for RO 
and MD respectively). On the other hand, the term of physical exergy is relevant in 
hot water flows (actually, as it will be seen later, aggregated yearly exergy of hot 
water is higher than aggregated exergy of cold fresh water, despite of volume of the 
former is lower than that of the latter).  
Once exergy flows have been calculated, the exergy efficiency of components is 
obtained by dividing exergy of product into exergy of fuel.  
?@ = AB            (6) 
Besides, fuel minus product is equal to irreversibility: 
 = C − D            (7) 
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It should be noted that, sometimes, the product (and, accordingly, the efficiency) is 
equal to the summation of several terms; for instance, PVT panels have two 
products: increment in the exergy of water-glycol flow, and electricity. Besides, in 
transient operation, fuel and product of components with accumulation have to 
include a transient term.  
It is also interesting to calculate aggregated values for a given period of time (e.g. 
one month), what can be done by integrating exergy flows along the considered time. 
 = E  FG$HI           (8) 
In this case, efficiency and irreversibility become: 
?@,K = AB           (9) 
 = C − D           (10) 
In order to apply exergy analysis, plant structure has been simplified and relevant 
components and exergy flows have been numbered (Figure 2). Component 1 is the 
wind turbine, whereas component 2 is the electricity management system (including 
batteries). PVT 1-2, PVT 3-4 and evacuated tube collectors correspond to 
components 3 to 5. An additional component (number 6) has been introduced in the 
solar loop to take into account heat loses in pipes, energy consumed by solar pump 
and, eventually, the heat dissipation system to avoid overheating. Component 7 is 
the sanitary hot water tank, and components 8 and 9 are respectively the membrane 
distillation unit (MD) and reverse osmosis unit (RO). A fresh water tank (component 
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11) stores fresh water from 8 and 9 to accommodate a daily demand of fresh water 
and to supply cold water to produce SHW in 7. Finally, component 10 is a mixer that 
consumes cold water from the tank 11 to reduce the SHW temperature service when 
it exceeds 60ºC from the tank 7. Flows 1 to 4 correspond to wind and solar exergy. 
Flows 5 to 10 are water-glycol streams of solar loop, whereas flows 11 to 19 are 
fresh water and SHW streams. Finally, 20 to 26 are electricity flows. It should be 
noted that sea water flows are not represented because they come from the 
environment (seawater) and, thus, have no exergy. Besides, brine flows are also not 
represented because they are useless streams that are being dissipated in the 
environment. This latter simplification is equivalent to include the irreversibility 
associated with this dissipation in the same control volume of the distillation facilities 
where are generated, in this way the analysis is not guided to the cost analysis of 
some residues that specifically provoke desalination facilities, that could be 
accounted for in other studies [60].  
 
Figure 2: Flow and components of the trigeneration scheme.  
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Once flows and components have been defined and numbered, the fuel-product 
definition can be made. This definition is summarized in Table 1, where it can be 
seen that some components may have more than one fuel or more than one product 
(being the total equal to the summation of the different parts). For instance, PVT 
panels (components 3 and 4) have only one fuel (solar radiation) but two products 
(increment of exergy of water-glycol stream, and electricity). Besides, membrane 
distillation unit (component 8) and solar loop (component 6) consume both thermal 
exergy and electricity. An interesting issue appears in components where 
accumulation takes place: component 2 (due to batteries), 7 (hot water tank) and 11 
(fresh water tank). When exergy accumulated in these component increases (e.g. 
temperature of HWT is increasing), this increment has to be part of the product; 
however, when stored exergy decreases, the absolute value of this reduction has to 
be part of the fuel. This issue has been introduced in the fuel definition y using the 
terms in brackets with a superscript “+”, which means that when the term is positive, 
it has to be considered and when it is negative it has to be made equal to 0. Finally, 
besides all accumulation terms, the fuel of the whole plant includes solar energy and 
wind, whereas its product is made of three components: sanitary hot water, fresh 
water and electricity.  
If instead of considering a given instant, the analysis is made by using aggregated 
values along a given period of time, fuel and product definition detailed in the table 
can also be used by introducing two changes: i) flow rates,B  
, should be exergy flows, B, and ii) transient terms disappear (they become equal to 
the variation of exergy between the beginning and the end, which is negligible for 
long periods such as one month or one year. This situation allows one to apply 
conventional symbolic thermoeconomic methodology for exergy cost calculation. 
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Component Fuel Product 
1. WT B 1 B 20 
2. Elec. control. B 20 + B 21 + B 22 + N−dBC2dt R
2
 B 23 + B 24 + B 25 + B 26 + NdBC2dt R
2
 
3. PVT 1-2 B 2 B 6 − B 5 B 21 
4. PVT 3-4 B 3 B 7 − B 6 B 22 
5. ECT B 4 B 8 − B 7 
6. Solar loop  B 8 − B 5 B 26 B 9 − B 10 
7. HWT B 9 − B 10 + N−dBC7dt R
2
 B 12 − B 13 + B 11 + B 16 + NdBC7dt R
2
 
8. MD B 12-B 13 B 25 B 14 
9. RO B 24 B 15 
10. Mixer B 11 + B 17 B 18 
11. Tank B 14 + B 15 + N−dBC11dt R
2
 B 16 + B 17 + B 19 + NdBC11dt R
2
 
TOTAL PLANT B 2+ B 3+ B 4 
B 1 N−dBC2dt R
2
+ N−dBC7dt R
2
+ N−dBC11dt R
2
 
B 18
+ NdBC7dt R
2
 
B 19
+ NdBC11dt R
2
 
B 23
+ NdBC2dt R
2
 
 
Table 1: Fuel and product definition.  
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2.4 Exergy cost analysis 
Exergy cost calculations will be made by applying symbolic thermoeconomics, which 
is a methodology for the analysis of energy systems based on Exergy Cost Theory 
and a compact formulation by matrix operators [43,44]. The main concept and 
formulae of the methodology are summarized below.  
The system is represented by a productive structure that describes the purpose of 
the different components. This structure is composed of n components (plus 
component 0 which is the environment), each of them consumes resources from 
other components or from the environment (fuel, F), to produce useful effects for 
other components or for the environment (product, P). A flow that is part of the 
product of component i and becomes part of the fuel of component j is represented 
by Eij. A table containing elements Eij is the Fuel-Product table, and its definition is 
the first step for building a thermoeconomic model.  
The exergy cost of a flow Eij (indicated by *ijE ) is the amount of exergy resources 
used to produce this flow. Exergy flow of fuel and product are represented by F* and 
P*, respectively. The unit exergy cost of a flow is the quotient between its exergy cost 
and its exergy and it is represented as k*. 
Thermoeconomic model is based on distribution coefficients yij, which quantify the 
part of the product of the jth component that becomes fuel of the ith component: 
ji
ij
j
E
y
P
=
           (11) 
A matrix containing elements yij is called FP . 
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In [44], a formulation of cost decomposition of stream into terms considering the 
irreversibility of different components was developed. It was demonstrated that, in a 
system without wastes, the vector containing exergy cost of the product of all plant 
components can be calculated as: 
( ) 1* −= + −DP P U FP I          (12) 
The previous equation indicates that the cost of the products is equal to its exergy 
plus additional terms due to irreversibility appearing in the different components. In 
an ideal process without irreversibility, the cost of all products would be equal to its 
exergy. However, since processes are real, the cost of product increases. Once 
exergy cost decomposition is calculated by applying eq. 12, unit cost decomposition 
is straightforward by dividing exergy cost into exergy. In this case, unit exergy cost is 
equal to 1 plus other terms caused by irreversibility of plant components located 
upstream in the cost formation process.  
In [45], a different approach for the decomposition of cost is proposed. It is based on 
the origin of resources consumed by the system, which is interesting in the example 
analyzed in this paper that consumes both wind and solar energy.  
The first step is to decompose the vector of fuel consumed by the plant into a 
summation of nf terms, each one corresponding to a different kind of energy (e. g. 
sun and wind): 
1
fn
k
k=
=∑e eF F            (13) 
With this fuel decomposition, in [45] it was shown that cost of product of all plant 
components can also be decomposed as: 
* *
1
fn
k
k=
=∑P P            (14) 
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where: 
( ) 1* −= −k kD eP U FP F          (15) 
Like in the decomposition of exergy cost presented in eq. 12, unit exergy cost 
decomposition can be obtained by dividing exergy cost into exergy.  
In order to apply the symbolic thermoeconomic formulation for exergy cost 
calculation, Fuel - Product table containing values of flows Eij has to be defined. This 
definition appears in Table 2 as function of exergy values of the different flows. Each 
row of the table shows how the product of a given component becomes part of the 
fuel of other components or part of the total plant product. Besides, each column 
corresponds to the fuel of a component, which comes either from other components 
or from the environment (component 0). The summation by rows indicates the total 
product of a component, whereas the summation by columns indicates its total fuel. It 
can be seen that these total products and fuels are equal to the ones defined 
previously.  
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 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 Plant 
prod. 
Total 
Product 
P 0. Env. B1 0 B2 B3 B4 0 0 0 0 0 0 0 B1+B2+ 
B3+B4 
P1. WT 0 B20 0 0 0 0 0 0 0 0 0 0 B20 
P2. Elec. 
cont. 
0 0 0 0 0 B26 0 B25 B24 0 0 B23 B23+B24+
B25+B26 
P3. PVT 1-2 0 B21 0 0 0 B6-
B5 
0 0 0 0 0 0 B6-
B5+B21 
P4. PVT 3-4 0 B22 0 0 0 B7-
B6 
0 0 0 0 0 0 B7- 
B6+B22 
P5. ETC 0 0 0 0 0 B8-
B7 
0 0 0 0 0 0 B8–B7 
P6. Solar loop  0 0 0 0 0 0 B9-
B10 
0 0 0 0 0 B9–B10 
P7. HWT 0 0 0 0 0 0 0 B12-
B13 
0 B11-
B16 
0 0 B12–B13+ 
B11–B16 
P8. MD 0 0 0 0 0 0 0 0 0 0 B14 0 B14 
P9. RO 0 0 0 0 0 0 0 0 0 0 B15 0 B15 
P10. Mixer 0 0 0 0 0 0 0 0 0 0 0 B18 B18 
P11. Tank 0 0 0 0 0 0 0 0 0 B16+
B17 
0 B19 B16 + B17 
+ B19 
Total fuel B1 B20+
B21+
B22 
B2 B3 B4 B26+
B8-
B5 
B9-
B10 
B25+
B12-
B13 
B24 B11+
B17 
B14+
B15 
B18+
B19+
B23 
 
    
Table 2: Generic F-P table.  
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3. Results and discussion 
The aim of this section is to present the main results of the application of exergy and 
exergy cost analyses previously presented to the renewable energy-based 
polygeneration plant. First of all, exergy analysis has been applied to the base case 
by considering two time scales: detailed time evolution of selected days (ten minutes 
basis) and aggregated values (monthly basis). Afterwards, exergy cost analysis is 
applied for aggregated values (monthly and yearly). Finally, exergy and exergy cost 
analyses are applied to the assessment of three variations of the base case. Note 
that neither exergy efficiency nor exergy cost analysis could be compared with any 
other similar installation due to the differences in the arrangement and size presented 
in the introductory section. 
3.1 Detailed time evolution 
Figure 3 shows the time evolution of product, fuel and efficiency of the first set of PVT 
panels during a selected winter day (30th January). The fuel is the exergy of solar 
radiation (obtained from data by Meteonorm database [53] for Zaragoza), whereas 
the product is composed of two parts: the increment of exergy of water-glycol heated 
in the collector and electricity produced. It can be clearly seen how both fuel and 
product, are higher during the central hours. Besides, the main part of the product is 
electricity production because exergy of heated water-glycol is much lower than its 
energy.  
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Figure 3: Time evolution of exergy fuel, product and efficiency of PVT collector in an example winter 
day. 
Fuel, product and efficiency of evacuated tube collector for a selected summer day 
(19th July or the 200th day of the year) is plotted in Figure 4. It can be seen how this 
collector presents lower efficiency, because it produces only heat. Besides, some 
peaks appear due to the control that activates or not the water-glycol pump in the 
short periods when the sun rises and sets every day. 
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Figure 4: Time evolution of exergy fuel, product and efficiency of evacuated tube collector in an 
example summer day. 
A similar graph for wind turbine for 30th January is depicted in Figure 5. In this case, 
the time evolution of the variables is strongly dependent on the day; for the chosen 
example, wind blows at night, morning and evening, but not in the afternoon. This 
fact can be seen by considering that exergy of wind is proportional to wind speed 
raised to the third power. Besides, efficiency is quite constant except when wind 
velocity is below the minimum for turbine connection or above a given value when 
power does not increase despite of higher wind speed. This can be explained by the 
typical power / wind speed curve that characterizes a wind turbine and is available in 
TRNSYS: for low speed, power increases smoothly, afterwards, curve slope 
increases and, finally, at a given speed, power decreases sharply.  
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Figure 5: Time evolution of exergy fuel, product and efficiency of wind turbine in an example winter 
day. 
 
3.2 Aggregated monthly analysis 
The analysis presented in the previous section is interesting for observing details of 
system behavior. However, in order to assess global system efficiency, it is more 
convenient to apply aggregated variables, for instance, in monthly basis. This 
analysis appears in Figure 6 for the first set of PVT panels. Bars in the graph show 
how the exergy of fuel (total bar length) is either transformed into useful products 
(electricity and heat) or destroyed (irreversibility). It should be noted that, due to the 
time integration, now fuel, products and irreversibility appear not in power units but in 
energy units (MJ). Aggregated efficiency is represented by a line. It can be seen how 
the higher values of efficiency appear not in summer but in spring and autumn. This 
effect is due to the fact that efficiency is affected by two different causes: on one side, 
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hot ambient temperatures reduce thermal losses, but also reduce production of 
electricity.  Figure 7 shows the same graph but for evacuated tube collectors (ETC). It 
can be seen how lower efficiency appears in autumn and winter due to higher losses 
and also lower temperature of heated water (lower ratio exergy/energy); besides, its 
efficiency is much lower than that of the PVT panels. It should be highlighted that the 
use of exergy allows one to include power and heat in the same graph but taking into 
account the different thermodynamic qualities of both flows.  
 
Figure 6: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of PVT 
collector 1-2.  
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Figure 7: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of evacuated 
tubes collector.  
 
Water-glycol loop (component 6) is analyzed in Figure 8. It includes pump, loses in 
pipes and, eventually, heat dissipation for avoiding overheating. It can be seen that 
efficiency is lower in winter because then the relative importance of electric pump 
consumption is higher.  
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Figure 8: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of water-
glycol loop.  
 
Behavior of hot water tank is represented in Figure 9. Efficiency of this component 
varies from 25 to 45%, being usually lower in hotter months. This fact can be 
explained by taking into account that higher ambient temperatures means lower 
thermal loses but also higher irreversibility in the heat transfer from hot water-glycol 
from the thermal collectors (at higher temperatures) to SHW stored in the tank.  
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Figure 9: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of hot water 
tank.  
Fuel, product, irreversibility and efficiency of membrane distillation unit are plotted in 
Figure 10. It can be seen that this unit only can operate in sunny days and hot 
months, and requires heat but also power for pumping seawater and SHW flows. 
However, its efficiency is higher in winter sunny days because the lower temperature 
of the feeding seawater tank compensates the lower temperature obtained in the 
SHW tank (note that the driving force to distillate in a MD is the temperature drop 
between the hot energy source and cold seawater feed). In general, efficiency is 
quite low, what makes it only interesting when it is properly integrated with a low 
temperature heat source. Finally behavior of reverse osmosis unit appears in Figure 
11. This desalination technology has higher efficiency and it is bigger in summer 
since higher seawater feeding temperatures lead to lower specific power 
consumption in the RO membranes. It should be noted that due to the use of exergy, 
flows of different nature (hot water, electricity and fresh water) can be quantified in 
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the same units and, thus, thermodynamic efficiency of desalination technologies can 
be calculated.  
 
Figure 10: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of 
membrane distillation unit.  
 
 
Figure 11: Aggregated monthly exergy analysis: fuel, product, irreversibility and efficiency of reverse 
osmosis unit.  
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Once exergetic parameters of the main individual components have been analyzed, 
the complete plant is considered. Figure 12 shows how, in each month, the total fuel 
entering the plant is transformed into products and irreversibilities of the plant 
components. The product with highest exergy is electricity, whereas contribution of 
hot water is small and effect of fresh water is negligible. Main irreversibilities appear 
in solar collectors. It can be seen how both fuel (total bar length) and product are 
bigger in hot months. In Figure 13, the contribution of each one of the plant fuels is 
represented. It can be seen that the most relevant resource is solar energy. Finally, 
plant efficiency is plotted in Figure 14, where it can be seen how the total efficiency is 
equal to the contribution of efficiency of electricity production, of fresh water 
production and of hot water production. The main contribution is due to electricity, as 
it can be expected because it is the main product. Efficiencies related to water are 
higher in cold months when a major contribution of reverse osmosis is found; its 
better efficiency will be analyzed in detail in next section. 
 
Figure 12: Aggregated monthly exergy analysis: fuel, product, irreversibility of the whole plant.  
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Figure 13: Aggregated monthly exergy analysis: fuel decomposition (solar and wind) of the whole 
plant.  
 
 
Figure 14: Aggregated monthly efficiency of the whole plant.  
 
 
0
1000
2000
3000
4000
5000
6000
7000
F
u
e
l 
(M
J)
Complete system
Fuel sun (MJ)
Fuel wind (MJ)
0
0,01
0,02
0,03
0,04
0,05
0,06
0,07
0,08
0,09
E
ff
ic
ie
n
c
y
 (
-)
Complete system
Efficiency electricity (-)
Efficiency fresh water (-)
Efficiency hot water (-)
Efficiency total (-)
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3.3 Exergy cost analysis 
Exergy analysis presented in the previous section has allowed one to quantify 
efficiency and irreversibility of plant components and of the whole plant. However, 
exergy cost analysis allows one to go a step further by calculating the amount of 
resources required for producing the product of each component, in other words, its 
cost. Besides, it is possible to analyze in detail the process of formation of this cost in 
two ways: according to irreversibilities and tracing the origin of resources. This 
additional information can be relevant for detecting potentials of improvement. 
Table 3 shows the unit exergy cost formation process according to irreversibility of 
the product of all plant components for the whole year.  In the first column after the 
name of the devices, it can be seen the unit exergy cost of their products. These 
costs vary from the low values of efficient devices located at the beginning of the 
production chain, up to high values of products located at the end of this chain. The 
most relevant of the latest is fresh water produced by membrane distillation. The 
other columns represent how this cost is formed according to irreversibilities: It can 
be checked that for each device (each row) their summation is equal to the total unit 
exergy cost. If all plant components were ideal, all unit exergy cost would be equal to 
1, which appear in the first column. The other 11 columns correspond to all plant 
components. Each element is affected by its own irreversibility and by irreversibilities 
of components located upstream in the productive chain. For example, wind turbine 
and solar collectors only have non-zero values in its own column; among these 
elements, evacuated tube collector is the less efficient and, accordingly, its product 
has the highest unit exergy cost. On the other hand, the product of water mixer 
(SHW, 10) is affected by irreversibilities of all components. Unit exergy cost of fresh 
water produced by membrane distillation is almost 18 times higher than the cost of 
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water produced by reverse osmosis; this factor comes from the inefficient MD 
process but also from its fuel (heat from solar field) that has followed a long 
production chain (collectors, water-glycol loop and water tank), what increases its 
exergy cost. This leads to a relevant conclusion: for improving efficiency, it would be 
interesting to reduce the length of this chain, for instance, by linking directly flow 9 to 
flow 12 and by reducing loses in the ducts connecting the solar panels with the SHW 
tank. If the table is observed by columns, the effect of the irreversibility of each 
component on the costs of other components can be seen. For example, 
irreversibility of evacuated tube collector (I5) has strong effect not only in the cost of 
its product but also in the cost of the products of components located downstream. 
This shows clearly that it is more advantageous from the efficiency point of view to 
use PVT collectors, although it is clear that ETC had to be introduced in order to 
achieve the level temperature to drive the MD unit.  
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 Total unit 
exergy cost  
Ideal I1 
 
I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 
P1. WT 2.07 1 1.07 0 0 0 0 0 0 0 0 0 0 
P2. Elec.cont. 6.12 1 0.32 0.11 2.36 2.33 0 0 0 0 0 0 0 
P3. PVT 1-2 6.77 1 0 0 5.77 0 0 0 0 0 0 0 0 
P4. PVT 3-4 6.72 1 0 0 0 5.72 0 0 0 0 0 0 0 
P5. ETC 12.44 1 0 0 0 0 11.4 0 0 0 0 0 0 
P6. Solar loop  15.27 1 0.07 0.02 1.82 1.88 9.93 0.55 0 0 0 0 0 
P7. HWT 45.63 1 0.20 0.72 5.43 5.63 29.7 1.65 1.99 0 0 0 0 
P8. MD 531.6 1 2.64 0.93 64.7 67.0 341.0 19.0 22.9 11.4 0 0 0 
P9. RO 29.58 1 1.53 0.54 11.4 11.3 0 0 0 0 3.83 0 0 
P10. Mixer 51.47 1 0.71 0.25 8.84 8.99 26.8 1.49 1.80 0.25 1.31 0.01 0.01 
P11. Tank 61.08 1 1.63 0.57 14.9 15.0 21.0 1.17 1.40 0.70 3.69 0 0.02 
 
Table 3: Unit exergy cost decomposition according to irreversibilities for the complete year.  
 
Table 4 shows the unit exergy cost decomposition according to the consumed 
resource. It can be seen how sun has much more relevance that wind, especially in 
the thermal energy and water production part. Elements located at the beginning of 
the production chain only have a single contribution (wind for the wind turbine, and 
sun for the collectors).  
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 Total unit exergy 
cost  
Sun Wind 
 
P1. WT 2.07 0 2.07 
P2. Elec.cont. 6.12 5.51 0.61 
P3. PVT 1-2 6.77 6.77 0 
P4. PVT 3-4 6.72 6.72 0 
P5. ETC 12.44 12.44 0 
P6. Solar loop  15.28 15.15 0.13 
P7. HWT 45.63 45.24 0.39 
P8. MD 531.64 526.55 5.10 
P9. RO 29.58 26.63 2.95 
P10. Mixer 51.47 50.10 1.38 
P11. Tank 61.08 57.93 3.15 
 
Table 4: Unit exergy cost decomposition according to external fuel for the complete year.  
 
Besides the cost formation process considering the whole year, it is interesting to 
analyze its evolution along the different months. In order to avoid an excess of detail, 
only the cost of the final plant products will be shown: electricity (product of 2), fresh 
water (product of 11) and hot water (product of 10).  
Figure 15 shows the unit exergy cost formation process of electricity along the year. It 
can be seen how this cost is affected only by components 1 to 4, which are the only 
present in its productive chain. PVT panels have the lowest efficiency and have the 
highest impact on cost. Cost is slightly higher in summer because of two reasons: 
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first, the contribution of wind (more efficient) is lower; second, the efficiency of PVT 
panels is reduced by its operating (cell) temperature. Decomposition of unit exergy 
cost of electricity according to resources is plotted in Figure 16, where it can be seen 
how the contribution of wind is higher in winter but always smaller than that of sun.  
 
Figure 15: Unit exergy cost formation process of electricity according to irreversibility.   
 
Figure 16: Unit exergy cost formation process of electricity according to resources.   
 
0
1
2
3
4
5
6
7
C
o
st
 f
o
rm
a
ti
o
n
 (
-)
Electricity
I. 11. W tank (-)
I. 10. Mixer (-)
I. 9. RO unit (-)
I. 8. MD unit (-)
I. 7. HW tank (-)
I. 6. W-G loop (-)
I. 5. ECT (-)
I. 4. PVT 3-4 (-)
I. 3.PVT 1-2 (-)
I. 2. Elec. manag. (-)
I. 1.Wind turbine (-)
Ideal (-)
0
1
2
3
4
5
6
7
C
o
st
 f
o
rm
a
ti
o
n
 (
-)
Electricity
Wind
Sun
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
The unit exergy cost formation of fresh water (product of 11) is analyzed in Figure 17 
from the irreversibility point of view. It can be seen that the cost is much lower in cold 
months when most water (or even all water) is produced more efficiently by reverse 
osmosis. The most relevant contribution to this cost is that of solar panels, especially 
evacuated tube collector (what does not appear in cold months when no fresh water 
is distilled by MD). Figure 18 shows how the wind contribution is very low compared 
to solar energy.   
 
Figure 17: Unit exergy cost formation process of fresh water according to irreversibility.   
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Figure 18: Cost formation process of fresh water according to resources.   
 
 
Figure 19 shows the unit exergy cost formation process for SHW. It can be seen how 
this cost is clearly higher in summer than in winter: firstly, the cost of fresh water is 
higher and, secondly, specific thermal exergy of water decreases in summer because 
reference temperature (ambient temperature) increases as well. It can be seen how 
the main contribution is due to collectors, especially the evacuated tube. An 
interesting point is that unit exergy cost of hot water may be lower than cost of fresh 
water. This effect is explained by the fact that hot water requires two resources, fresh 
water and heat, and the unit exergy cost of the latter is significantly lower (see the 
unit exergy cost of the product of 6 and 7 in Table 3). Finally, in Figure 20 it can be 
seen the low contribution of wind energy in the cost formation of this plant product.  
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Figure 19: Unit exergy cost formation process of hot water according to irreversibility.   
 
 
Figure 20: Unit exergy cost formation process of hot water according to resources.  
  
3.4 Suggestions and assessment of plant modifications. 
The analysis performed provides an in depth knowledge of the system from the 
exergy point of view (consumption of different resources, production of different flows 
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and efficiency). Accordingly, it allows to detect potential for improving system design. 
Although this improvement is a complex issue that not only considers efficiency, 
consumption of resources and plant production, but also other issues (e.g. economic 
investment, availability of resources, technological development and ability of the 
system to fulfill the demands in an isolated environment) identification of 
opportunities for energy savings and plant production and consumption may be a 
valuable first step (that later can be evaluated by considering the aforementioned 
issues).  
The first relevant result is that global system exergy efficiency around 8% is a good 
figure, considering the scale of the system, the diversity of the products, and its ability 
to fulfill the demand during the year. Besides, the analysis shows that the weak part 
regarding efficiency is related to the “thermal branch” of the plant. In particular, 
evacuated tube collector has a strong impact on the unit exergy cost of components 
located downstream. This fact can be understood in two ways: on one hand, it would 
be interesting to reduce the relevance of this component, which is difficult because it 
is needed for increasing temperature up to a level suitable for driving MD unit; on the 
other hand, it confirms the positive effects of using PVT panels (with conventional 
thermal panels the efficiency would be much lower). Another relevant result is the 
very high unit exergy cost of fresh water produced by the MD unit, which appears 
partly because of its low efficiency and partly because of the long exergy 
transformation chain. This chain could be reduced by connecting directly the hot 
water demand of this device to the primary loop (avoiding the tank); this would 
improve efficiency and also water production by MD [7]. Finally, heat losses in pipes, 
pump and aerotherm in the solar loop or water-glycol loop (component 6) and 
electricity consumed by pumps and aerotherm in that component  induces a non-
negligible cost on fresh water and SHW. This impact would be reduced by increasing 
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the efficiency of that component. As an example, in the first plant modification case it 
has been simulated that electricity consumption of this component is reduced by 
30%.  
Related to the long and quite inefficient “thermal branch” explained above, is the low 
production of membrane distillation unit. In order to increase this production, a 
second modification of the plant will be the increment of ECT surface from 3 to 4.5 
m2.  
Finally, it has been observed that the contribution of wind energy is low compared to 
the contribution of solar energy. For this reason, another plant modification consisting 
on replacing the 400 W wind turbine with a turbine of 800 W is also analyzed. 
Monthly fresh water produced by MD unit for the four plant designs considered (base 
case, 4.5 m2 ECT, wind turbine of double size and improved solar loop) is 
represented in Figure 21. It can be seen how the increment of ECT size affects 
strongly this production, what is constant for the other three plant designs. 
 
Figure 21: Exergy of fresh water produced by MD for the four cases analyzed. 
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Figure 22 shows how the increment of wind turbine size increases significantly plant 
electricity production. Besides, effect of electricity consumption of solar loop is no 
negligible, what points out the importance of ducts and ancillary pumps in efficiency 
of these systems. Finally, effect of increment of ECT size is small and depends on 
the month because of two effects: on one side, it increases MD fresh water 
production, what reduces electricity consumed by MD. On the other side, it increases 
the temperature of the water-glycol, what affects negatively the electricity produced 
by PVT.   
 
 
Figure 22: Net electricity produced by the plant for the four cases analyzed. 
 
Table 5 shows the unit exergy cost of the product of plant components and its 
decomposition according to irreversibility for the case of ECT of 4.5 m2. Unit exergy 
cost decomposition according to resources for the same case appears in Table 6. It 
can be seen how, compared to the base case, the unit exergy cost of ECT and 
components located downstream (solar loop, hot water tank and MD) decrease, 
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because efficiency of ECT increases due to the higher temperature of its product. On 
the other hand, since the fraction of fresh water produced by MD increases, and its 
cost is higher than fresh water produced by RO, costs of fresh and hot water clearly 
increase.  
 Total unit 
exergy cost  
Ideal I1 
 
I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 
P1. WT 2.07 1 1.07 0 0 0 0 0 0 0 0 0 0 
P2. Elec.cont. 6.09 1 0.32 0.11 2.35 2.33 0 0 0 0 0 0 0 
P3. PVT 1-2 6.74 1 0 0 5.74 0 0 0 0 0 0 0 0 
P4. PVT 3-4 6.69 1 0 0 0 5.69 0 0 0 0 0 0 0 
P5. ETC 11.71 1 0 0 0 0 10.71 0 0 0 0 0 0 
P6. Solar loop  14.15 1 0.05 0.02 1.27 1.31 10.1 0.42 0 0 0 0 0 
P7. HWT 42.49 1 0.14 0.05 3.81 3.94 30.3 1.26 2.00 0 0 0 0 
P8. MD 485.9 1 1.87 0.66 45.1 46.5 342.7 14.3 22.7 11.1 0 0 0 
P9. RO 29.53 1 1.53 0.54 11.4 11.3 0 0 0 0 3.85 0 0 
P10. Mixer 56.93 1 0.65 0.23 7.90 8.00 33.8 1.41 2.24 0.43 1.20 0.01 0.02 
P11. Tank 84.94 1 1.66 0.59 16.0 16.1 40.2 1.68 2.66 1.31 3.63 0 0.06 
 
Table 5: Unit exergy cost decomposition according to irreversibilities for the complete year. Case with 
ECT of 4.5 m2.  
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 Total unit exergy 
cost  
Sun Wind 
 
P1. WT 2.07 0 2.07 
P2. Elec.cont. 6.09 5.48 0.61 
P3. PVT 1-2 6.74 6.74 0 
P4. PVT 3-4 6.69 6.69 0 
P5. ETC 11.71 11.71 0 
P6. Solar loop  14.15 14.05 0.09 
P7. HWT 42.49 42.21 0.28 
P8. MD 485.9 482.3 3.61 
P9. RO 29.53 26.57 2.96 
P10. Mixer 56.93 55.68 1.25 
P11. Tank 84.93 81.72 3.22 
 
Table 6: Unit exergy cost decomposition according to external fuel for the complete year. Case with 
ECT of 4.5 m2.  
 
Unit exergy cost and its decomposition according to irreversibility for the case of 
bigger wind turbine appear in Table 7. Since it is more efficient than PVT, unit exergy 
cost of electricity (component 2) decreases and, accordingly, the cost of all 
components that consume electricity also does. However, this latter effect is 
negligible in most cases except in the RO unit (which consumes only electricity).  In 
table 8 it can be seen how wind contribution to cost formation increases, especially in 
components 2 and 9, although it is lower than the contribution of solar energy.  
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 Total unit 
exergy cost  
Ideal I1 
 
I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 
P1. WT 2.07 1 1.07 0 0 0 0 0 0 0 0 0 0 
P2. Elec.cont. 5.32 1 0.50 0.11 1.86 1.85 0 0 0 0 0 0 0 
P3. PVT 1-2 6.77 1 0 0 5.77 0 0 0 0 0 0 0 0 
P4. PVT 3-4 6.72 1 0 0 0 5.72 0 0 0 0 0 0 0 
P5. ETC 12.44 1 0 0 0 0 11.4 0 0 0 0 0 0 
P6. Solar loop  15.10 1 0.11 0.02 1.71 1.78 9.93 0.55 0 0 0 0 0 
P7. HWT 45.11 1 0.32 0.72 5.11 5.31 29.7 1.65 1.99 0 0 0 0 
P8. MD 525.0 1 4.17 0.93 60.6 62.9 342.0 19.0 22.9 11.4 0 0 0 
P9. RO 25.71 1 2.41 0.54 9.01 8.92 0 0 0 0 3.83 0 0 
P10. Mixer 49.67 1 1.13 0.25 7.73 7.89 26.8 1.49 1.80 0.25 1.31 0.01 0.01 
P11. Tank 56.95 1 2.58 0.57 12.4 12.4 21.0 1.17 1.40 0.70 3.69 0 0.02 
 
Table 7: Unit exergy cost decomposition according to irreversibilities for the complete year. Case of 
800W wind turbine.  
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 Total unit exergy 
cost  
Sun Wind 
 
P1. WT 2.07 0 2.07 
P2. Elec.cont. 5.32 4.35 0.96 
P3. PVT 1-2 6.77 6.77 0 
P4. PVT 3-4 6.72 6.72 0 
P5. ETC 12.44 12.44 0 
P6. Solar loop  15.10 14.90 0.21 
P7. HWT 45.11 44.49 0.62 
P8. MD 525.0 516.9 8.06 
P9. RO 25.71 21.05 4.66 
P10. Mixer 49.67 47.50 2.17 
P11. Tank 56.95 51.96 4.99 
 
Table 8: Unit exergy cost decomposition according to external fuel for the complete year. Case of 
800W wind turbine.   
 
Tables 9 and 10 include the analysis of the unit exergy cost formation for the case 
where electricity consumed by solar loop is reduced. It can be seen how this plant 
modification causes a small reduction of the unit exergy cost of the product of MD 
and also (although negligible) in the products of solar loop, hot water tank, water tank 
and mixer.   
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 Total unit 
exergy cost  
Ideal I1 
 
I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 
P1. WT 2.07 1 1.07 0 0 0 0 0 0 0 0 0 0 
P2. Elec.cont. 6.12 1 0.32 0.11 2.36 2.33 0 0 0 0 0 0 0 
P3. PVT 1-2 6.77 1 0 0 5.77 0 0 0 0 0 0 0 0 
P4. PVT 3-4 6.72 1 0 0 0 5.72 0 0 0 0 0 0 0 
P5. ETC 12.44 1 0 0 0 0 11.4 0 0 0 0 0 0 
P6. Solar loop  14.88 1 0.05 0.02 1.66 1.73 9.93 0.49 0 0 0 0 0 
P7. HWT 44.45 1 0.14 0.05 4.97 5.18 29.7 1.46 1.99 0 0 0 0 
P8. MD 518.0 1 1.93 0.68 59.4 61.8 342.0 16.8 22.9 11.4 0 0 0 
P9. RO 29.58 1 1.53 0.54 11.4 11.3 0 0 0 0 3.83 0 0 
P10. Mixer 50.40 1 0.66 0.23 8.43 8.58 26.8 1.32 1.80 0.25 1.31 0.01 0.01 
P11. Tank 60.25 1 1.59 0.56 14.6 14.7 21.0 1.03 1.40 0.70 3.69 0 0.02 
 
Table 9: Unit exergy cost decomposition according to irreversibilities for the complete year. Case of 
improved solar loop. 
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 Total unit exergy 
cost  
Sun Wind 
 
P1. WT 2.07 0 2.07 
P2. Elec.cont. 6.12 5.51 0.61 
P3. PVT 1-2 6.77 6.77 0 
P4. PVT 3-4 6.72 6.72 0 
P5. ETC 12.44 12.44 0 
P6. Solar loop  14.88 14.79 0.09 
P7. HWT 44.45 44.17 0.28 
P8. MD 517.98 514.25 3.73 
P9. RO 29.58 26.63 2.95 
P10. Mixer 50.40 49.13 1.27 
P11. Tank 60.24 57.18 3.07 
 
Table 10: Unit exergy cost decomposition according to external fuel for the complete year. Case of 
improved solar loop. 
 
Finally, Table 11 summarizes the main results of the four cases considered. Columns 
2 and 3 indicate the fuel along a year according to its origin, solar or wind; it can be 
seen how the latter is much smaller than the former and how they vary when the size 
of ETC or wind turbine are varied. Colum 4 shows how electricity production during a 
year increases clearly when bigger wind turbine is used. Besides, it also increases 
around 100 MJ when electricity consumed by the solar (water-glycol) loop is reduced, 
whereas it has a negligible increment when the size of ETC is increased. Other plant 
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products (fresh water and sanitary hot water) ideally would be constant in the four 
cases, although some minor differences appear: fresh water exergy varies from 
179.3 to 180.7 MJ per year, and hot water varies from 408.1 to 436.3 MJ per year. In 
the last columns, efficiency appears: conversion to fresh water, to sanitary hot water, 
to electricity and total (summation of the other three). It can be seen how the most 
relevant contribution to efficiency is electricity production. When ETC of 4.5 m2 is 
introduced, fuel increases whereas product is constant, what leads to a reduction in 
efficiency. On the other hand, when the wind turbine size is increased, electricity 
production also increases, what leads to an increment of efficiency. Finally, solar loop 
improvement causes a small increment of electric and total efficiency. In fact, this 
latter change is relevant because it is the only of the proposed modifications that 
keeps constant the fuel supply. It should be highlighted that efficiency is not the only 
issue to be considered, mainly when solar and wind energy are used. For instance, 
when a bigger ECT is used, efficiency decreases but MD unit can be used during 
more hours.   
 Fuel: solar 
(MJ)  
Fuel: wind 
(MJ) 
Product: 
electricity 
(MJ) 
 Efficiency (%) 
Fresh 
water 
SHW Electricity Total 
Base case 50843 3339 3617 0.33 0.75 6.68 7.76 
ECT 4.5 58854 3339 3629 0.29 0.70 5.84 6.83 
WT 800W 50843 6678 5067 0.31 0.71 8.81 9.83 
Improved 
solar loop 
50843 3339 3713 0.33 0.72 6.85 7.93 
 
Table 11:  Comparison of main results: fuel and electricity produced during a year and efficiency.     
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4. Conclusion  
Exergy and exergy cost analysis of the operation of a hybrid trigeneration system 
producing electricity, fresh water and hot water from PVT and ETC panels and a wind 
turbine has been presented. The study has been made by using simulation results 
obtained by a TRNSYS model of the system. Two time scales have been applied: 
detailed analysis with ten-minute evolution of the variables and aggregated analysis 
in monthly basis that summarizes in a single graph behavior during a year of the 
analyzed component. Results show that highest irreversibility appear in the 
collectors, what could be expected since they produce heat at low temperature; in 
this sense, PVT panels have much higher efficiency due to the joint production of hot 
water and electricity. A relevant source of irreversibility is the need of driving MD unit 
at suitable temperature, what in the present design is made through several steps 
(collectors, hot water tank and heat exchanger); a direct connection avoiding the tank 
would lead to lower irreversibility and higher productions. 
Besides the base case, three additional examples have been analyzed: increment of 
ETC size (reduces efficiency but increases MD use), increment of wind turbine size 
(increases electricity production and, thus, global efficiency) and reduction of 
electricity consumed by the solar loop (what increases, although slightly, both 
electricity production and global efficiency).  
The assessment of the system from the exergy and exergy cost point of view has 
allowed one to identify some weak points related to system efficiency, which is the 
first step for improving. It might seem that improving exergy efficiency is not relevant 
when resources such as wind and sun that are available for free are used. However, 
it should be noted that, although exergy entering the plant is for free, exergy flows 
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within the plant are not free because they have been produced by using pieces of 
equipment that require investment and maintenance. For instance, if a flow 
generated by a solar collector is not used properly, more solar collectors may be 
needed for covering the same heat or electricity demand. For this reason, looking for 
improvements in the use of resources throughout the plant is always interesting. Of 
course, this aim has to be considered by taking into account other issues such as 
investment, reliability, environmental impact or ability of the system to cover the 
required demands.  
Finally, despite of potentials for improvement, it should be highlighted that in its 
present configuration the analyzed scheme is able to provide the three main products 
required in a house isolated from grids by applying a combination of existing 
technologies and with relatively good average global efficiency. The investment cost, 
although high, may become interesting when compared to the alternative supply by 
extending conventional networks up to isolated locations.  
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Nomenclature 
A Area [m2] 
b Specific exergy [kJ/kg] 
B Exergy flow [kJ] 
  Exergy flow rate [kW] 
c Specific heat [kJ/(kg·K)] 
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C Concentration [g/L] 
CSP Concentrated solar power 
DHC District heating and cooling 
E Exergy flow in productive structure [kJ] 
E* Exergy cost of streams [kJ] 
ETC Evacuated tube collector 
F Fuel [kJ] 
C  Fuel rate [kW] 
F Vector of fuel (n × 1) [kJ] 
F* Exergy cost of fuel [kJ] 
FW Fresh water 
〈YZ〉    Matrix of distribution coefficients (n × n) [-] 
HWT  Hot water tank 
HX Heat exchanger 
I Irreversibility [kJ], solar radiation [kW/m2] 
 Irreversibility rate [kW] 
I Vector containing the irreversibility of the components (n × 1) [kJ] 
ICE Internal combustion engine 
k* Unit exergy cost [-] 
   Mass flow rate [kg/s] 
MD Membrane distillation 
MED Multi-effect distillation 
MW Molecular weight [kg/kmol] 
n Number of components of the system [-] 
nf Number of external resources [-] 
ORC Organic Rankine cycle 
P Product [kJ] 
D  Exergy rate [kW] 
P Vector of product of the components (n × 1) [kJ] 
P* Exergy cost of product [kJ] 
P* Vector of exergy cost of product (n × 1) [kJ] 
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PGMD Permeate gap membrane distillation 
PV Photovoltaic 
PVT Photovoltaic thermal 
R Constant of gases [kJ/(kg·K)] 
RC Recovery ratio 
RDF Refuse derived fuel 
RES Renewable energy sources 
RO Reverse osmosis 
SHW Sanitary hot water 
SOC State of Charge 
SOFC Solid oxide fuel cell 
t Time [s] 
T Temperature [K] 
UD Identity matrix (n × n) 
v velocity (m/s) 
WT Wind turbine 
y Distribution coefficient [-] 
Greek symbols 
β Number of particles [-] 
η Efficiency [-] 
ρ Density [kg/m3] 
Subscripts and superscripts 
0 Environment, reference 
av Average 
C Component 
ch Chemical 
e Plant input 
F Fuel 
i Generic component 
j Generic component 
k Type of external resource 
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P Product 
ph Physical 
rad Radiation 
s Surface 
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